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Introduction
============

Synaptic transmission depends on a highly regulated, rapid, and sustainable cycle of vesicle exo- and endocytosis. In neurons, secretory vesicles filled with neurotransmitter are clustered at release sites. After fusion at the active zone, vesicles are reformed locally, primarily via clathrin-mediated endocytosis, and then rejoin the synaptic vesicle cluster (for review see [@bib51]). Evidence linking actin dynamics to presynaptic functions has been reported. Actin was localized to nerve terminals and implicated in several stages of the synaptic vesicle cycle, such as vesicle clustering, release, and endocytosis ([@bib10]). In recent imaging studies, it has been shown that the presynaptic actin cytoskeleton undergoes plastic modification during synaptic activity ([@bib32]; [@bib8]; [@bib45]). At the ultrastructural level, perturbation of actin dynamics revealed an activity-dependent cytoskeletal matrix involved in the delivery of recycled synaptic vesicles back to the vesicle cluster ([@bib50]).

One of the first actin-binding proteins to be identified in nerve terminals was synapsin (for review see [@bib16]). Synapsins are a family of neuron-specific proteins that are bound to synaptic vesicles. Three highly conserved mammalian synapsin genes give rise to several protein isoforms via alternative splicing ([@bib24]). Although distinct functions of the synapsin gene products are not known, the dominant isoforms in the mature nerve terminal are synapsins Ia, Ib, IIa, and IIb ([@bib52]; [@bib37]). Acute perturbation of synapsin function in a variety of in vivo systems has demonstrated its critical role in regulating neurotransmission ([@bib27], [@bib28]; [@bib36]; [@bib17]). Mice genetically deficient in synapsin I, synapsin II, or both are viable, but synaptic vesicle clustering is almost completely abolished and the number of synaptic vesicles is drastically reduced ([@bib26]; [@bib53]). These morphological defects result in significant deficits in synaptic plasticity and behavior ([@bib41], [@bib42]; [@bib26]; [@bib44]; [@bib54]). To understand the mechanism by which synapsin regulates neurotransmitter release, its interactions with actin have been examined in vitro ([@bib16]). As an actin-nucleating agent, synapsin lowers the critical concentration of actin necessary for filament formation ([@bib3]; [@bib12]; [@bib57]). Furthermore, synaptic vesicles containing synapsin are able to promote globular actin (G-actin)[\*](#fn1){ref-type="fn"} nucleation and filamentous actin (F-actin) polymerization, whereas vesicles stripped of synapsin are unable to do so ([@bib2]). Synapsin also stabilizes and bundles F-actin in a phosphorylation-dependent manner ([@bib1]; [@bib22]). Finally, synapsin binds simultaneously to both actin and synaptic vesicles ([@bib3]). Based upon a variety of in vivo and in vitro data, these synapsin--actin interactions have been proposed to take place in vesicle clusters of synapses. Upon depolarization, synapsin changes its conformation and dissociates from actin, thereby freeing synaptic vesicles for release ([@bib16]; [@bib11]). Additional functions of synapsins have also been proposed ([@bib11]; [@bib19]).

Previously*,* we examined the effects of synapsin- ([@bib36]) and actin-perturbing compounds ([@bib50]) on the structure and function of a central nervous system synapse. Reagents that interfere with synapsin function caused a disruption of the synaptic vesicle cluster. Surprisingly, actin-perturbing reagents did not directly disrupt the organization of the synaptic vesicle cluster. Rather, these reagents were more effective in the area lateral to the active zone, where they altered the trafficking of recycled vesicles back to the cluster. Thus, our experiments revealed a dynamic cytoskeletal matrix surrounding the vesicle cluster that assembles during synaptic activity and participates in the recycling of synaptic vesicles. This cytomatrix contained actin, as demonstrated by light microscopy after injection of Oregon green phalloidin into the synapse ([@bib50]). In light of these findings, we sought to localize both actin and synapsin in a central nervous system synapse using immunogold electron microscopic techniques. We performed these studies in the reticulospinal synapse of the lamprey, which is uniquely suited to relate ultrastructural synaptic organization with function ([@bib47]). Within the same axon, synapses are often separated by large regions of axoplasm, making it possible to attribute recycling intermediates to a particular synapse. These features make this preparation particularly well suited for the subcellular localization of synaptic proteins.

Results
=======

Immunolocalization of actin in the synapse
------------------------------------------

A monoclonal anti-actin antibody was used to label lamprey synapses at rest and during synaptic activity. [Fig. 1](#fig1){ref-type="fig"} A shows a giant reticulospinal synapse at rest, labeled using postembedding immunogold techniques. Immunogold particles are predominantly associated with the postsynaptic density of the synapse. Only a small number of gold particles were detected within the vesicle cluster and the axoplasmic matrix. Labeling was also consistently associated with regions lateral to the active zones ([Fig. 1](#fig1){ref-type="fig"} A). Small amounts of filamentous material were often observed in these regions. On several sections containing dense projections, gold particles were associated with the active zone ([Fig. 1](#fig1){ref-type="fig"} A). This is in agreement with recent findings indicating that actin may be associated with these structures ([@bib35]). Preabsorption of the antibody with actin abolished the labeling (not depicted). Quantitative evaluation of actin immunoreactivity in resting synapses is shown in [Table I](#tbl1){ref-type="table"}.

![**Ultrastructural localization of actin in resting and stimulated reticulospinal synapses.** (A) Electron micrograph of a synapse in an unstimulated specimen labeled with an anti-actin antibody. Arrowhead indicates gold particle. Thick arrow indicates active zone. (B) Immunogold localization of actin in a synapse stimulated with action potentials at 5 Hz. Thin arrow indicates filamentous matrix in the endocytic zone. (C and D) Endocytic zones in two different stimulated synapses. Note clathrin-coated intermediates (ccp) at the presynaptic membrane in stimulated axons. m, mitochondrion; svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite; a, axoplasmic matrix. Bars, 100 nm.](200212140f1){#fig1}

###### Quantitative analysis of actin immunogold labeling

  Profile   Unstimulated   5 Hz stimulated         
  --------- -------------- ----------------- ----- -----------------
            *n*            Mean ± SEM        *n*   Mean ± SEM
                           particles/μm^2^         particles/μm^2^

The subcellular distribution of actin was examined in synapses stimulated at 5 Hz for 20 min ([Table I](#tbl1){ref-type="table"}). As shown previously with this stimulation protocol ([@bib48]), coated endocytic intermediates were observed lateral to the active zone ([Fig. 1](#fig1){ref-type="fig"}, B--D). These intermediates, as well as uncoated small clear vesicles, were often found in contact with the filamentous material that was decorated by anti-actin antibodies ([Fig. 1, C and D](#fig1){ref-type="fig"}). A significant increase in actin immunolabeling at the lateral sides of the active zone was observed, as compared with synapses fixed at rest (P \< 0.0001, *n* = 9, unpaired *t* test). This increase was associated with a proliferation of the filamentous material, which was heavily decorated with gold particles ([Fig. 1](#fig1){ref-type="fig"}, B--D). As in synapses fixed at rest, gold particles were associated with the synaptic vesicle cluster; most of this labeling, however, was found in the peripheral regions of the cluster ([Fig. 1](#fig1){ref-type="fig"} B).

Immunolocalization of synapsin at rest and during synaptic activity
-------------------------------------------------------------------

The antisynapsin antibodies used in our experiments produced robust punctate immunoreactivity on cryostat sections of the lamprey spinal cord, reflecting the discrete localization of synapses in this tissue. Single puncta were detected consistently on the internal surface of reticulospinal axons, suggesting a synaptic labeling ([Fig. 2](#fig2){ref-type="fig"} A).

![**Redistribution of synapsin in resting and stimulated reticulospinal synapses.** (A) Transverse section of a reticulospinal axon (rs) stained with lamprey-specific synapsin antibodies using immunofluorescence. Punctate labeling (arrows) is localized close to the surface of the axon. (B) The ultrastructural localization of synapsin at rest. Gold particles are associated with the synaptic vesicle cluster. Thick arrows indicate active zone. (C--F) An increase in synapsin labeling in the area within 100 nm from the presynaptic membrane in the vesicle cluster at different states: (C) rest; (D) 5 Hz action potential stimulation; (E) high K^+^ stimulation; (F) control, SV2 immunolabeling at rest. (G--I) Electron micrographs of synapses stimulated by action potentials at 5 Hz for 20 min and labeled for synapsin. Thin arrow indicates filamentous matrix. Note that synapsin is associated with the filamentous cytomatrix and vesicles in the endocytic zone. svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite; a, axoplasmic matrix. Bars: (A) 20 μm; (F) 100 nm, also for C--E; (G) 100 nm, also for B; (I) 100 nm, also for H.](200212140f2){#fig2}

To examine the distribution of synapsin immunoreactivity at various stages of the synaptic vesicle cycle at the ultrastructural level, we stained reticulospinal synapses with synapsin antibodies at rest and during stimulation. Under resting conditions, synapsin was present predominantly on clustered vesicles located at a distance \>100 nm from the presynaptic active zone ([Fig. 2, B and C](#fig2){ref-type="fig"}; [@bib36]). In synapses stimulated at 5 Hz or exposed to elevated potassium Ringer\'s solution for 15 min, the distribution of synapsin immunolabeling in the 100-nm zone of the vesicle cluster immediately adjacent to the presynaptic membrane increased twofold ([Fig. 2, D and E](#fig2){ref-type="fig"}; [Fig. 3](#fig3){ref-type="fig"}; P \< 0.01, unpaired *t* test). An even distribution of gold particles was observed in the distal portion of the cluster. By contrast, labeling of an integral vesicle membrane protein (synaptic vesicle protein 2 \[SV2\]) was uniformly distributed throughout the cluster at rest ([Fig. 2](#fig2){ref-type="fig"} F; [Fig. 3](#fig3){ref-type="fig"}; P \> 0.05, *n* = 16, unpaired *t* test). These data indicate that synapsin redistributes within the cluster during synaptic activity.

![**Quantitative evaluation of gold particle distribution at active zones at rest and during synaptic activity.** The bar graph shows the ratio of gold particle densities between 0--100 nm and 100--200 nm from the active zone. At rest, *n* = 8; 5 Hz, *n* = 13, and K^+^ stimulation, *n* = 12.](200212140f3){#fig3}

In stimulated synapses, synapsin immunoreactivity was observed within the filamentous cytomatrix formed at the lateral edges of active zones during stimulation ([Fig. 2](#fig2){ref-type="fig"} G; [Fig. 4, A and B](#fig4){ref-type="fig"}). Synapsin labeling was associated with synaptic vesicles present in the cytomatrix, which appeared to be in transit to the vesicle cluster ([Fig. 2](#fig2){ref-type="fig"}, G--I; [Fig. 4, A and B](#fig4){ref-type="fig"}). Only occasional gold particles were found at synaptic endocytic zones at rest.

###### 

**3-D distribution of synapsin in stimulated reticulospinal synapse.** (A) Electron micrograph of one serial section of a reticulospinal synapse stimulated at 5 Hz for 20 min, shown reconstructed in B. Synapsin is present on vesicles (v) in the filamentous cytomatrix (arrow). svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite; a, axoplasmic matrix. ccp, clathrin-coated pit. This arrow indicates active zone. (B) 3-D reconstruction of 10 serial ultrathin sections. The area occupied by actin-rich filamentous cytomatrix lateral to the vesicle cluster is shown in yellow. The plasma membrane is depicted in green. All synaptic vesicles are shown in red. Colloidal gold particles are indicated by white spheres. Clathrin-coated endocytic intermediates are shown as flat blue discs on the plasma membrane. Bar, 100 nm.
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![](200212140f4b)

To overview the spatial distribution of actin and synapsin in the active synapse, we performed a three-dimensional (3-D) reconstruction of ten 90-nm serial sections ([Fig. 4, A and B](#fig4){ref-type="fig"}). The reconstruction contained ∼900 clustered synaptic vesicles, roughly equivalent to one half of an average reticulospinal synaptic vesicle cluster, and 40 synaptic vesicles enmeshed within the filamentous cytomatrix. The filaments were distinctly localized to endocytic zones of the plasma membrane and formed a halo-like structure spanning from the plasma membrane to the vesicle cluster. The ultrastructural architecture of the actin-rich cytomatrix thus correlates well with fluorescent phalloidin rings previously observed around vesicle clusters ([@bib50]; [@bib45]). The majority of synaptic vesicles enmeshed in the cytomatrix were labeled for synapsin, as were the clustered synaptic vesicles.

To directly test if synapsin and actin are colocalized around the synapse, double labeling experiments were performed. Sections were incubated in a mixture of rabbit anti--synapsin domain D antibodies and a mouse anti-actin antibody. The primary antibodies were detected with the corresponding secondary antibodies coupled to 5- and 10-nm gold particles, respectively. In stimulated synapses, labeling for both synapsin and actin was observed within the filamentous cytomatrix and on synaptic vesicles recycling back to the cluster ([Fig. 5](#fig5){ref-type="fig"}, A--D).

![**Distribution of synapsin and actin in active synapses as revealed by double labeling.** (A) Electron micrograph of a synapse stimulated with high K^+^ for 30 min. Large gold particles (enhanced 10 nm) denote actin and small (enhanced 5 nm) denote synapsin immunoreactivity. (B--D) Regions of endocytic zones, containing filamentous cytomatrix in three synapses stimulated at 5 Hz for 20 min and labeled with immunogold as in A. (E and F) Electron micrographs of endocytic regions containing clathrin-coated intermediates in synapses stimulated with high K^+^ for 30 min. svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite; a, axoplasmic matrix. Bars, 100 nm.](200212140f5){#fig5}

To address the possible pathway by which synapsin becomes associated with the actin cytomatrix and recycling vesicles, we investigated if synapsin labeling is associated with clathrin-coated intermediates. Both action potential--stimulated (5 Hz) and K^+^-stimulated synapses were examined. In neither case did we detect labeling of coated intermediates or of the plasma membrane. This was particularly evident in preparations stimulated with high K^+^, in which numerous endocytic intermediates occurred at the endocytic zone ([Fig. 5, E and F](#fig5){ref-type="fig"}; see also [Fig. 2](#fig2){ref-type="fig"} G). Ultrathin sections were stained with both synapsin and SV2 antibodies ([Fig. 6](#fig6){ref-type="fig"}, A--C). As in previous experiments, SV2 antibodies efficiently labeled synaptic vesicle clusters ([Fig. 6](#fig6){ref-type="fig"} A). In addition, SV2 immunolabeling was observed on coated intermediates as well as on the plasma membrane in the endocytic zone ([Fig. 6, B and C](#fig6){ref-type="fig"}). These results indicate that synapsin is not linked to the vesicle membrane before endocytosis, but associates with the recycled vesicle after it has been released into the cytoplasm.

![**Localization of synapsin in the endocytic zone.** Electron micrographs from synapses double labeled with synapsin (small particles) and SV2 (large particles) antibodies. Note an even distribution of both antigens in the vesicle cluster in A and the accumulation of only SV2 immunoreactivity on the plasma membrane and endocytic intermediates in B and C. Bar, 100 nm.](200212140f6){#fig6}

Microinjection of synapsin antibodies results in a decrease of the actin-rich filamentous matrix at endocytic zones
-------------------------------------------------------------------------------------------------------------------

The activity-dependent migration of synapsin to the endocytic zone and its colocalization with actin suggest that it may be involved in the organization of actin in this region. To test this possibility, antisynapsin antibodies were microinjected into giant reticulospinal axons to perturb the function of synapsin. G-304 antibodies, which disrupt the distal pool of synaptic vesicles in lamprey synapses ([@bib36]), were used in these experiments. After antibody microinjection, control and injected axons were subjected to high-frequency action potential stimulation (18 Hz) for 6 min to induce synaptic vesicle recycling and then immediately fixed. The ultrastructure of synapses from injected and control axons was studied in serial ultrathin sections. In agreement with our previous studies, a significant decrease in the number of vesicles in injected synapses was observed, whereas large synaptic vesicle clusters were still present in control synapses ([Fig. 7, A and B](#fig7){ref-type="fig"}). In both groups of synapses, a similar number of clathrin-coated pits was observed within the endocytic zone ([Fig. 7](#fig7){ref-type="fig"}, A--D). In control synapses, a distinct filamentous cytomatrix was consistently observed in the vicinity of the clathrin-coated intermediates ([Fig. 7](#fig7){ref-type="fig"} C). In antibody-injected synapses, however, this cytomatrix was significantly reduced and in many sections completely absent ([Fig. 7](#fig7){ref-type="fig"} D).

![**Disruption of the actin-rich cytomatrix by microinjection of synapsin antibodies.** (A) A reticulospinal synapse in an uninjected axon subjected to high frequency stimulation at 18 Hz for 6 min. Boxed area is shown in C at higher magnification. (B) A synapse from an axon from the same preparation injected with synapsin antibodies. Boxed area is shown in D at higher magnification. Thick arrow indcates active zone, and thin arrow indicates filamentous matrix. svc, synaptic vesicle cluster; v, vesicles in the filamentous matrix; d, dendrite; a, axoplasmic matrix. Bars, 100 nm.](200212140f7){#fig7}

Discussion
==========

The present results support a novel role for actin and synapsin in neurotransmission. Using immunogold electron microscopy to study active synapses, we have identified actin in the endocytic zone surrounding vesicle clusters. Furthermore, we have demonstrated an increase in actin immunoreactivity in this zone during neurotransmitter release. These observations are in agreement with our previous demonstration of an accumulation of phalloidin labeling in the periphery of the vesicle cluster during synaptic activity ([@bib50]) and with recent light-microscopic studies on cultured hippocampal neurons transfected with GFP--actin ([@bib45]).

We also detected low concentrations of actin within the cluster. As the antibody we used to detect actin does not distinguish between G- and F-actin, we speculate that the relatively low levels of actin immunolabeling in the cluster may be due to a failure to detect epitopes of G-actin hidden by complex-bound monomers. However, as filamentous material at both the endocytic and active zones was efficiently labeled by these anti-actin antibodies, it seems unlikely that actin filaments are concentrated within the cluster.

Previous studies have shown synapsin to dissociate from clustered synaptic vesicles in an activity-dependent manner ([@bib55]; [@bib18]). Most recently, this was imaged in real-time using GFP--synapsin chimeras in mammalian hippocampal neurons ([@bib6], [@bib7]). However, the precise fate of dissociated synapsin in these studies could not be determined, as the studies were limited by the resolution of light microscopy. Presently, we find that upon activity-dependent dissociation of synapsin from vesicles, its migration is delimited by the actin-rich cytomatrix at the endocytic zones surrounding vesicle clusters. Furthermore, during synaptic activity, synapsin was associated with the actin-rich cytomatrix in both the presence and absence of synaptic vesicles. Disruption of synapsin function by antibody microinjection resulted in a marked reduction of the actin-rich cytomatrix in the endocytic zone.

Our results lead us to propose a model for the interaction of synapsin and actin at the sites of synaptic vesicle recycling. Synapsin--synapsin and synapsin--G-actin interactions may be predominantly responsible for vesicle clustering in the reserve pool ([@bib16]). Upon activation and vesicle fusion, synapsin disassociates from synaptic vesicles. Synapsin then accumulates in the endocytic region and interacts with a soluble pool of G-actin, where the actin-rich cytomatrix is formed. After endocytosis and uncoating of clathrin from nascent vesicles, a pool of synapsin bound to the actin-rich cytomatrix reassociates with vesicle membranes. Synapsin\'s ability to nucleate, bind to, and bundle actin may be important in regulating the dynamic formation of the actin matrix, thereby coordinating its own reassociation with synaptic vesicles. Therefore, we propose that the well-established synapsin--actin interactions may be more relevant to processes outside of the vesicle cluster. This does not exclude the possibility that synapsin and actin also function in the regulation of release. In stimulated synapses, a migration of synapsin within the vesicle cluster was observed close to the active zone. Actin immunoreactivity was also found in this region of active synapses, thus supporting this possibility.

The absence of synapsin immunoreactivity on endocytic intermediates in our experiments is consistent with previous biochemical studies of the nerve terminal. In subcellular fractionation experiments, the distributions of synapsin and clathrin were shown to be nonoverlapping ([@bib20]; [@bib29]). The uncoating of vesicles has been shown to take place within the endocytic zone, and perturbation of synaptojanin--endophilin interactions results in an increased number of coated vesicles within the lateral actin matrix, implying a role for these proteins in normal uncoating and the translocation of vesicles to the actin matrix ([@bib15]). The present colocalization of actin and synapsin within the endocytic zone of the active nerve terminal places all necessary components of the model together in a spatially and temporally regulated manner.

How could this putative mechanism work? It has been shown that synapsin\'s interaction with actin is regulated by phosphorylation. Synapsin is phosphorylated by calcium/calmodulin-dependent protein kinase II (CaMKII). In addition, it is also phosphorylated by MAPK at three known sites ([@bib22]), which regulate neurotransmitter release ([@bib23]). Phosphorylation of synapsin by MAPK, like CaMKII, decreases synapsin\'s abilities to bind to actin ([@bib22]). Inhibition of MAPK by pharmacological agents inhibits synapsin phosphorylation and concomitantly reduces neurotransmitter release ([@bib23]). However, in contrast to the CaMKII sites, the MAPK sites on synapsin appear to be phosphorylated under basal conditions and dephosphorylated upon nerve terminal depolarization ([@bib21]). This dephosphorylation is dependent on calcineurin. Calcineurin has been demonstrated to be a key regulator of several proteins involved in the endocytic pathway ([@bib9]). Our present findings of synapsin associated with actin outside of vesicle clusters during synaptic activity may therefore correlate to a pool of synapsin regulated by the MAPK pathway. This pool of synapsin would be dephosphorylated during synaptic activity and therefore retain its affinity for actin during vesicle recycling.

Several proteins regulated by calcineurin have been shown to interact with the proline-rich domain of synapsin in vitro. Many of these proteins have been implicated in or localized to stages of the synaptic vesicle cycle outside of the vesicle cluster. These proteins include PI3 kinase ([@bib34]), Grb2 ([@bib30]; [@bib56]), Src ([@bib33]; [@bib13]; [@bib60]), SH3p4/endophilin 1 ([@bib34]), SH3p13/endophilin 3 ([@bib39], [@bib40]), amphiphysins I and II ([@bib34]), and syndapin ([@bib38]). In some cases, these interactions can modulate the association of actin and synapsin. For example, the binding of amphiphysins to synapsin decreased synapsin\'s ability to promote actin polymerization ([@bib34]). Furthermore, synapsin can interact with other actin-binding proteins. Synapsin was shown to associate with the brain-specific form of profilin, together with dynamin and actin, whereas clathrin was found to associate with the more ubiquitous profilin I ([@bib59]). Abp1 is a protein that binds directly to both dynamin and actin, thus providing an additional link between the actin cytoskeleton and the endocytic machinery ([@bib25]). Previously, it was difficult to postulate the relevance of synapsin\'s interactions with proteins involved in endocytosis to the mature nerve terminal, as synapsin was implicated only in vesicle clustering. Localizing synapsin to the endocytic region of the synapse provides a physiological context for many of these biochemical interactions. One of the possible functions of the actin/synapsin-rich cytomatrix could be the compartmentalization of endocytic proteins during synaptic vesicle recycling.

Our studies in lamprey and recent experiments in mammalian synapses show that an actin-rich matrix is formed during synaptic activity, but the precise role of the cytomatrix in the transport of the newly formed vesicles currently remains unclear ([@bib49]; [@bib45]). A role of actin filaments in vesicle propulsion has been suggested by studies in nonneuronal systems ([@bib31]; [@bib43]), whereas actin in the nerve terminal has long been postulated to serve as a scaffold for synaptic vesicles or regulatory proteins ([@bib16]). Although more experiments are needed to clarify the role of actin in synaptic vesicle recycling, our experiments indicate that synaptic vesicles are associated with the actin/synapsin-rich cytomatrix on their way back to the vesicle cluster. This association may promote the proper translocation of vesicles from sites of endocytosis to sites of release. Small synaptic boutons are probably less dependent on this mechanism because their active zones are surrounded by the presynaptic membrane, creating a physical border that prevents the diffusion of vesicles during the synaptic vesicle cycle.

Several studies indicate that the perturbation of synapsins affects the reserve pool of synaptic vesicles ([@bib36]; [@bib17]). Additional studies suggest that synapsin may also play a role in regulating the readily releasable pool ([@bib42]; [@bib18]). The most robust effects of functional or genetic deletion of synapsin in vivo have been observed with stimulation conditions that require sustained or high frequency neurotransmitter release, indicating a role for synapsin in regulating the efficiency of synaptic vesicle cycling ([@bib26]; [@bib36]; [@bib42]). In the present study, disruption of synapsin function by microinjection of antisynapsin antibodies in active synapses resulted in a dramatic reduction of the lateral actin matrix and a concomitant reduction in the number of synaptic vesicles in the cluster, thus demonstrating that synapsin is intimately associated not only with the vesicles in the cluster but also with the actin machinery of synaptic vesicle recycling. Taken together with the extensive literature on biochemical interactions of synapsin, these data support the existence of several pools of synapsin within the nerve terminal that may serve functionally distinct roles at various stages of the synaptic vesicle cycle.

Materials and methods
=====================

Antibodies
----------

Two different antibodies were used to study the distribution of synapsin. Lamprey-specific antibodies were raised against the D domain of synapsin I. Lamprey synapsin domain D ([@bib24]) was subcloned into a pGEX vector, and a GST fusion protein was produced. The antibodies were generated by immunizing rabbits with the recombinant protein (Cocalico Biologicals). The antibodies were affinity purified and tested by immunoblotting using standard procedures ([@bib48]). On immunoblots of lamprey spinal cord protein extract, the antibodies detected two bands of the expected molecular weights corresponding to lamprey synapsin Ia and Ib (not depicted; [@bib24]).

Previously characterized G-304 antibodies recognizing lamprey synapsin Ia protein were also used in these experiments ([@bib36]). Although both antibodies used showed a similar immunolabeling pattern, the lamprey-specific D-domain antibodies were more efficient in immunogold experiments.

A mouse monoclonal anti-actin antibody (C4) was purchased from ICN Biomedicals and Chemicon International. The antibody was tested on immunoblots of lamprey spinal cord protein extract and revealed a single band of 42 kD molecular mass, the expected size for actin (not depicted). Preabsorption of the C4 antibody with chicken muscle actin (1 mg/ml) overnight at 4°C dramatically decreased labeling of actin-containing structures (not depicted; *n* = 3 synapses).

The monoclonal mouse anti-SV2 antibody was developed by K.M. Buckley ([@bib5]) and obtained from the Developmental Studies Hybridoma Bank, developed under the auspices of the National Institute of Child Health and Human Development and maintained by the University of Iowa, Department of Biological Sciences. On a Western blot of lamprey spinal cord extract, it recognized one band of ∼100 kD, consistent with the previously reported size of SV2 (not depicted).

Secondary FITC-conjugated donkey anti--rabbit antibodies were purchased from Jackson ImmunoResearch Laboratories. Immunogold reagents were purchased from Amersham Biosciences.

Dissection, stimulation, microinjection, and fixation procedures
----------------------------------------------------------------

Spinal cords of adult lampreys (*Lampetra fluviatilis*) were used for all experiments. Animals were housed in a fresh water aerated aquarium maintained at 4°C. Animals were anesthetized and decapitated, and trunk segments of the spinal cord were dissected as described previously ([@bib50]).

Stimulation was applied by an extracellular suction electrode placed at the caudal end of the spinal cord ([@bib4]). An additional extracellular electrode was placed at the rostral end of the spinal cord to monitor the extracellular spike volley during the stimulation period. Several preparations were stimulated by elevated K^+^ as described elsewhere ([@bib58]; [@bib14]).

Intraaxonal microinjections of G-304 anti-synapsin antibodies were performed as described previously ([@bib36]). Axons were stimulated at a frequency of 18 Hz.

Specimens were fixed in 4% paraformaldehyde (immunofluorescence) or 4% paraformaldehyde/0.5% glutaraldehyde/4% tannic acid in 0.1 M cacodylate buffer at 4°C for 1 h and then incubated in the same fixative without tannic acid at 4°C for 3 h. Preparations were washed in 0.1 M cacodylate buffer, stained en bloc with 2% uranyl acetate, dehydrated with a graded ethanol series, and embedded at −25°C in LR Gold Resin (London Resin Co.). For microinjection experiments, specimens were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer, embedded in Durcupan ACM (Fluka), and processed as described elsewhere ([@bib36]; [@bib48]).

Immunofluorescence
------------------

14-μm-thick sections were cut on a cryostat, mounted on slides, and stained with antibodies following standard protocols (for example see [@bib46]).

Postembedding immunogold labeling of ultrathin sections and electron microscopy
-------------------------------------------------------------------------------

Serial ultrathin sections were cut from the LR Gold--embedded tissue with a diamond knife and mounted on mesh grids and Formvar-coated nickel slot grids. Sections were incubated overnight at 4°C with primary antibodies diluted in Tris-phosphate--buffered saline with 1% human serum albumin. Synapsin antibodies were used at 5 μg/ml. The actin antibody was used at a dilution of 1:50. The SV2 antibody was obtained as hybridoma supernatant, concentrated 50-fold, and then used undiluted.

Secondary goat anti--rabbit and goat anti--mouse antibodies conjugated to 5- or 10-nm gold particles were used at a dilution of 1:25--1:50. Grids incubated without primary antibodies were used as controls unless otherwise specified in the text. Gold particles were enhanced using the IntenSE Silver Enhancement Kit (Amersham Biosciences). Sections were counterstained with uranyl acetate and lead citrate and examined in a CM12, CM10 Philips, or Tecnai 12 transmission electron microscope.

Quantitative analysis
---------------------

Density of gold particles in synaptic regions was obtained as described previously ([@bib36]). For quantification of gold particle labeling within the vesicle cluster, the middle section of the synapse was defined as that section in a series where the active zone was at its maximum length. Boxes of 100 nm were drawn from the active zone through the cluster to quantify gold particles in different pools of vesicles. Gold particles were quantified manually in each 100-nm box. Statistical evaluation of the data was performed using Microsoft Excel software.

3-D reconstruction
------------------

Serial ultrathin sections of a synapse were subjected to postembedding immunogold electron microscopy, as described above. Sections were photographed, and the contours of objects of interest were traced onto transparent overlays. The contours were then digitized using a Wacom digitizing tablet connected to a G4 Power Macintosh computer. 3-D reconstructions were rendered using the FormZ software (AutoDeSys, Inc.) and imported into Adobe Photoshop 6.0^®^ for final color adjustments and printing.
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